The explosive compaction technique has been applied to consolidate WC/Co powder to make a coating layer on a steel substrate, and the microstructure and some properties are investigated. Explosive compaction was performed using an improved method through underwater shock compression. Two types of assemblies, open and closed types were used for the experiments for generating relatively low and high pressure respectively. The effect of a thin nitrocellulose layer placed above the powders and the effect of the following heat treatment were investigated. In most of the experiments, the WC/Co layer was successfully recovered without cracks. The effects of applying higher underwater shock pressure, role of nitrocellulose as self combustible material and the following heat treatment showed positive effect to improve the properties by the increase of hardness as well as wear resistance of the coating layer.
Introduction
The interest in cermet coating on a metal substrate is on account of their attractive wear resistance and high surface hardness. So far, various coating methods such as HVOF and high-velocity oxy-fuel method have been investigated and developed for achieving WC/Co coating on a steel substrate. 1, 2) Explosive powder compaction technique 3) is one such technique for attaining coating layer on a substrate. Using this technique, higher densities and improved quality of the coating are expected to achieve. The present investigation employs a method using underwater shock compaction technique derived from the detonation of an explosive which has been developed for explosive welding 4) and explosive powder compaction. 5, 6) As a first step, direct consolidation of coating layer on the substrate was attempted. In response to the incomplete consolidation associated with the direct consolidation, a thin layer of nitrocellulose was used. The temperature rise through the self-combustion of nitrocellulose by the shock pressure is expected to improve the consolidation and hence the property of the coating layer. Some positive results are confirmed and the results are reported.
Experimental Procedure
Two types of assembly were employed for underwatershock compaction. One is closed type and the other is open type, which have been reported and detailed elsewhere. 7) A main explosive, SEP of detonation velocity 7 km/s and density 1300 kg/m 3 , produced by Asahi-Kasei Chemicals Corp. was used for the experiments. The closed type is used to generate underwater shock pressure ranging from 5-15 GPa, and the open type is used to generate 1-3 GPa. 7) Though a relatively higher pressure can be generated using closed type, open type is preferable for the fabrication of a wide coating layer. The pressure was controlled by changing the thickness of water, t w , placed between the explosive and sample. The water thickness t w was fixed at 5 mm for closed type assembly and at 30 mm for open type assembly. The experiments on shock compaction were attempted for achieving WC/Co layer on a mild steel substrate (JIS SS400). WC powders of size 150 mm and Co powders of average size 10 mm were provided by Nippon Kinzoku Co. Ltd. and Nilaco Corp., Japan respectively. WC powders of 75 mass% and Co powders of 25 mass% were mixed using a Fritsch Japan Pulverisette 6 planetary mono mill (150 rpm, 20 h). The mixed powders were packed at 0.4-0.5 mm in thickness at a theoretical density of 0.6. The experimental conditions are listed in Table 1 . In some experiments, layers of nitrocellulose (Pierce Biotechnology, Inc. Number 77010, 8 layers of sheet, 0.12 mm thickness each) were placed above the WC/Co powder layer. The WC/Co and the nitrocellulose layers were separated using a 50 mm-thick copper foil. The density of nitrocellulose is about 450 kg/m 3 . The coated samples were heat treated in argon atmosphere at 1100 C for an hour. The condition was chosen from previous work for coating WC/Co using HVOF method that gives the optimum condition to improve the hardness. Microstructural characterization, hardness measurements and wear tests were carried out for the samples.
Results and Discussion
The samples were recovered successfully for all the experiments conducted. As shown in Fig. 1 the macrostructural characterization did not reveal any presence of macroscopic cracks for the samples #C and #ON compacted using closed and open types respectively. The vertical cross section of the WC/Co coating layer for different samples are shown in Fig. 2 . A uniformly compacted WC/Co layer of about 300 mm in thickness was successfully coated on a 3 mm-thick mild steel substrate. Some dark spots can be seen in Fig. 2 which are pores resulting from pull out effect. The * Graduate Student, Kumamoto University weakly bound particles pull out from the coating while polishing due to incomplete compaction. In the microstructure shown in Fig. 3 , the sample compacted using closed type assembly with nitrocellulose (#CN) shows relatively few pores due to the improved condition of compaction. The average hardness and the probable error measured under load 0.98 N shows a relatively higher hardness for sample #CN than the other samples, #O, #ON, #C (see Table 2 ). The use of nitrocellulose is quite effective in improving the hardness of as compacted samples. Figure 4 shows the micrograph of heat treated samples in argon atmosphere. The effect of heat treatment is obvious from the micrographs showing few pulled out powders and evidenced by the high hardness values (Table 2) . No significant difference in the hardness of heat treated samples is observed. The microstructure after heat treatment using nitrocellulose as a heat source for closed assembly (#CNH) shows the most desirable result. The microhardness measured for the sample (#CNH) showed an average value of HV ¼ 1085. Literature on microhardness of WC/Co ranges from 900-2100 Vickers 1, [8] [9] [10] [11] depending on the composition and the method adopted.
The microstructural characterization on the interfacial morphology between the compacted powder layer and the mild steel substrate shows a reasonably uniform distribution even after the heat treatment though bonding strength has never been measured due to the difficulty of the experiments. Wear tests were carried out for the samples using a RHESCA FPR-2000 Friction player at the sliding speed of 0.1 m/s under a constant load of 9.8 N for 86.4 ks (24 h). Ballon-disk type experiments using an Al 2 O 3 ball of 5 mm diameter were performed. The weight loss measurements clearly corresponds with the hardness values measured and the microstructure showing improved wear resistance consolidated under high shock-pressurizing condition and using nitrocellulose as a heat source. This was evidenced from the sample #CNH that shows the optimum result.
During heat treatment of WC/Co, decarburization of WC leads to the formation of W 2 C, Co x W y C z ( phases such as Co 2 W 4 C, Co 3 W 3 C and Co 6 W 6 C) and other complex amorphous phases. [11] [12] [13] [14] It has been reported that the heat treatment significantly improves the wear performance of WC/Co coatings, 11, 15) and Stewart et al. reported that the heat treatment may reduce the residual stress of the WC/Co coating.
15) The X-ray diffraction patterns (Cu-K ) for the samples before and after heat treatment at 1100 C are shown in Figs. 5 and 6, respectively. As compacted coating layer showed no reaction product as shown in Fig. 5 . The XRD patterns of heat-treated samples shown in Fig. 6 exhibit characteristic lines of ternary intermetallics in addition to those of the major compound, WC. The high hardness of such intermetallic compounds makes possible to retain the highwear resistance. The results of average microhardness value HV ¼ 1085 for #CNH in the present investigation, is comparable to the hardness of WC/Co coating layer obtained by HVOF 1, 11) though the composition of cobalt is higher in the present investigation. Also, it is interesting to note that the HVOF samples showed cracks at the edge of indentation during fracture toughness measurements, 1) but the present samples did not show such cracks even under a severe load 196 N (20 kgf), showing high fracture toughness of the coated layer.
Due to the deviation of the measured data, the distribution of hardness across the coating layer is not clear in the present investigation. The consolidation depth of the coating layer improved by the use of nitrocellulose is limited and further investigation is in progress. The authors found partial melting of a copper foil placed between the nitrocellulose and powder showing the evidence of the exposure at high temperature.
Nitrocellulose is known as one of the raw materials for explosives but it cannot be detonated due to its relatively low reactivity. The pressure and temperature profile achieved in a short time is still unclear and deserves further research.
Conclusions
A new method of surface coating through underwater shock compaction of powders was demonstrated. The initial study into the effects of nitrocellulose layer placed above the powder layer and the following heat treatment has demonstrated a number of key issues. The use of nitrocellulose was quite effective in improving the quality of the coating layer. The results on wear tests confirmed a hard and wear resistive WC/Co layer on a mild steel substrate. Though the usage of explosives has certain limitations to use in a site, it does not require expensive equipment for the acceleration of powders for coating. 
